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REVISION  CF  STANDARDS  FOR 

MEASUREMENTS  CF  SHIELD INQ  EFFECTIVENESS  CF  ENCLOSURES 

ABSTRACT 

This  report  covers  the  work  performed  during  the  fourth  quarter  of  a 
research  program  which  began  on  18  June  1958  and  has  been  extended  to  30  Septem¬ 
ber  1959*  The  program  consists  of  theoretical  and  experimental  investigations 
leading  to  an  Ire/ .-roved  standard  for  testing  shielded  enclosures  in  the  frequency 
range  of  llj  kilosycles  to  10,000  megacycles.  The  improved  standard  is  being 
formulated  in  terms  of  tests  at  15  kilocycles,  at  the  lowest  natural  resonant 

frequency  of  the  enclosure,  and  near  nine  kilomegacycles . 

A 

A  new  method  for  evaluating  shielded  enclosures  using  low-impedance, 
low -frequency  fields  is  under  investigation.  This  method  involves  the  use  of 
two  large  rectangular  transmitting  loops  which  surround  and  "immerse"  the  en¬ 
closure  in  an  essentially  magnetic  field.  An  average  value  of  the  field  pene¬ 
trating  the  enclosure  is  obtained  using  a  small  pick-up  loop  in  the  center  of 
the  shielded  enclosure.  In  addition,  a  small  loop  probe  is  used  to  explore  the 
local  field  in  the  neighborhood  of  wall  and  doer  joints . 

This  new  method  requires  only  one  measurement  for  the  calculation  of 
shielding  effectiveness  at  low  frequencies,  since  the  voltage  induced  in  the 
pick-up  loop  without  the  enclosure  may  be  obtained  analytically  from  the  formula 
given  in  the  report. 

Tests  to  measure  the  variation  of  shielding  effectiveness  with  frequency 

were  performed  on  a  sheet  of  copper,  2.5  mils  thick,  and  on  the  copper  screening 

material  of  one  shielded  enclosure^  irianwfaeburer .  Results  of  the  tests  indicate 

'  \ 

that  the  variation  of  shielding  effectiveness  at  lew  frequencies  is  almoet  identi¬ 
cal  for  the  selected  materials.  However,  at  higher  frequencies  the  sheet  eopper 
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provides  a  shielclng  effectiveness  increasing  with  frequency  while  the  screen¬ 
ing  material  provides  a  shielding  effectiveness  decreasing  with  frequency. 

The  surface  resistances  of  sheet  copper  and  copper  screening  material 
were  experimentally  measured  and  the  reflection  losses  at  lew  frequencies  were 
calculated.  The  values  thus  found  agree  with  theoretical  results  already  pub¬ 
lished.  These  data,  plus  those  obtained  experimentally  with  the  coaxial  testing 
device,  provide  an  experimental  graph  of  the  shielding  effectiveness  of  copper 
screening  material  to  plane  waves  from  dc  to  UOO  me. 

A  shielded  enclosure  is  a  rectangular  cavity  capable  of  exhibiting 
resonances  which  can  produce  a  high  field  intensity  in  the  interior  of  the 
enclosure  due  to  outside  sources,  even  though  the  field  at  the  surface  of  the 
inner  walls  is  small.  Measurements  of  the  resonant  frequencies  of  the  parallele¬ 
piped  enclosure  agree  well  with  predicted  values.  Measurements  of  the  shielding 
effectiveness  of  the  enclosure  at  these  mid-frequencies  are  obtained  by  using  a 
half-wave  dipole  as  the  transmitting  antenna  outside  the  enclosure  and  an  electri 
cally  short  (of  the  order  of  ^/8)  dipole  as  the  receiving  antenna  inside.  The 
degradation  to  shielding  effectiveness  introduced  at  these  resonant  frequencies 
is  about  25  to  30  db. 

A  coaxial  device  is  utilized  for  evaluating  the  shielding  effectiveness 
of  materials  to  plane  waves.  Plane  waves  traveling  along  the  coaxial  device  are 
incident  upon  the  test  lamina  and  the  transmitted  portion  of  these  waves  can  be 
measured  to  obtain  the  shielding  effectiveness  of  materials  to  plane  waves.  Ex¬ 
perimental  results  are  given  for  sheet  copper,  aluminum,  stainless  and  ragnetic 
steels,  and  high-p  metal  on  one  hand  and  copper  screening  on  the  other.  The 
shielding  effectiveness  of  the  former  group  of  materials  increases  with  frequency 
whereas  thit  of  the  copoer  screening  decreases.  The  coaxial  device  is  also  em¬ 
ployed  to  determine  the  electrical  parameters  rf  shielding  materials. 
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REVISION  OF  STANDARDS  FOR 

MEASUREMENTS  OF  SHIELDING  EFFECTIVENESS  CF  ENCLOSURES 

I.  PURPOSE 

The  purpose  of  this  research  is  to  develop  improved  techniques  for 
measuring  the  effectiveness  of  shielded  enclosures  in  the  frequency  range  of 
lit  kilocycles  to  10,000  megacycles  per  second,  and  to  provide  recciimendations 
for  standard  methods  of  evaluating  such  enclosures. 

II.  GENERAL  FACTUAL  DATA 
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C.  St—riag  Cowaittai  Meetings 

(1)  D*te<  April  16,  1959 

Placet  Navy  Department,  Washington,  D.  C. 

Personnel  Attending! 

Mr.  L.  W.  Thomas,  Bureau  of  Ships 
Mr.  A.  P.  Majaey,  Bureau  of  Ships 
Mr.  R.  B.  Schulz,  Armour  Research  Foundation 

(2)  Date*  June  15,  1959 
Place  t  New  York 
Personnel  Attending! 

Mr.  A.  P.  Massey,  Bureau  of  Ships 
Mr.  R.  B.  Schulz,  Armour  Research  Foundation 
During  these  steering  committee  meetings,  Mr.  R.  B.  Schulz  reviewed 
the  status  of  the  project  with  Messrs.  L.  W.  Thomas  and  A.  P.  Hassey  and  pre¬ 
sented  plans  for  the  future  work  on  the  project. 

III.  DETAILED  FACTUAL  DATA 
A.  Introduction 

The  purpose  Gf  this  program  of  research  is  to  provide  a  specification 
for  testing  shielded  enclosures  which  will  furnish  a  maximum  amount  of  informa¬ 
tion  regarding  the  performance  of  the  sncloaure,  without  requiring  an  undue 
amount  o  f  equipment  cr  effort . 

Theoretical  and  experimental  results  at  the  present  tine  indicate  that 
teats  should  be  performed  In  tores  frequency  ranges,  at  15  kilocycles,  the 
lowest  natural  reiorant  frequency  of  the  enclosure,  end  near  9  kilomegacyclsa . 
The  reasons  for  selecting  these  f regency  ranges  v<',i  be  given  In  detail  in 
subsequent  sections  of  tn^s  report.  Briefly  at  low  frequencies, shielding 
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against  low-impedance  fields  Is  much  more  difficult  than  other  types  of  fields 
and,  consequently,  a  test  usini  such  fields  Is  believed  to  be  necessary.  At- 
mid-frequencies,  enclosures  exhibit  resonance  phenomena  which  significantly 
affect  the  performance  of  the  enclosure:  a  test  in  this  frequency  range  is  there¬ 
fore  suggested.  At  the  very  high  frequencies,  shielded  enclosures  exhibit  be¬ 
havior  not  predictable  from  their  performance  at  lower  frequencies  and,  conse¬ 
quently,  a  test  at  these  frequencies  is  advisable.  A  discussion  of  the  tests 
performed  in  the  three  frequency  ranges  is  contained  in  Section  Ill-b,  -C,  and 
-D  respectively. 

The  performance  of  a  shielded  enclosure  is  largely  determined  by  both 
the  construction  of  the  rooa  and  the  wall  materials.  A  coaxial  device  for 
testing  shielded -enclosure  materials  was  discussed  in  the  two  previous  quarterly 
progress  reports.  A  more  complete  discussion  of  the  device  is  given  in  Section 
III-E.  The  primary  problems  involved  in  the  development  of  the  device  have  been 
the  need  for  equalization  of  contact  resistance  between  the  coaxial  holder  and 
the  test  sample  and  the  employment  of  very  thin  samples  so  that  adequate  outputs 
could  be  obtained.  At  the  present  time,  the  upper  frequency  limit  is  about  5  to 
8  me  for  solid  sheets  of  shielding  raterials  of  few  :-nils  thickness  and  about 
bOO  me  for  copper  screening.  The  frequency  limits  differ  widely  because  the 
shielding  effectiveness  of  the  first  greup  goes  up  with  frequency  whe’--"*,  for 
the  second,  the  effectiveness  decreases.  The  coaxial  device  can  also  be  em¬ 
ployed  to  determine  the  electrical  characteristics  of  materials. 

B.  Low-Frequency  Tests 
1 .  Introduction 

Since  the  presence  of  low  impedance  fields  at  low-frequencies  is  quite 
common  and  these  fields  are  the  most  difficult  to  shield  against,  the  shielding 
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effectiveness  of  »n  enclosure  should  be  measured  against  low-impedance  magnetic 
fields.  These  lcw-is^edance  fields  can  most  easily  be  produced  by  current  loops 
whose  dimensions  are  snail  compared  to  the  wavelength. 

2 .  Low-Impedance  fields 

A  new  method  for  producing  lcw-impedance  magnetic  fields  for  testing 
the  shielded  enclosure  utilises  two  large,  square  loops  conpletely  surrounding 
the  enclosure.  The  two  loops  are  located  near  the  ceiling  and  floor  of  the 
enclosure,  respectively.  They  are  used  instead  of  only  one  placed  in  the  middle 
o'  the  enclosure  as  previously  reported,  for  two  reasons:  fl)  the  two  loops 
will  not  hinder  opening  and  closing  of  the  enclosure  door  and  (2)  the  two  loops 
will  provide  a  stronger  and  more  uniform  magnetic  field.  The  loop-to-enclo3ure 
separation  is  approximately  two  inches.  This  separation  is  a  compromise  between 
the  effect  of  capacitance  to  the  room,  when  the  loops  are  closer  to  the  shield 
of  the  enclosure,  end  the  magnitude  of  shielding  currents  induced  in  the  walls 
of  the  enclosure  when  the  loops  are  far  away  fro*  these  walls.  When  a  moderate 
current  'lows  in  the  turns  of  the  loops,  it  produces  a  sufficiently  strong  mag¬ 
netic  field  which  completely  surrounds  all  sides  cf  the  shielded  enclosure. 

This  arrangement  allows  measurements  of  the  overall  performance  of  the  shielded 
enclosure  to  be  made  with  simplicity. 

3 .  Measurement  of  Shielding  Effectiveness 

Refer  to  Figure  1.  The  two  loops  L.T.  and  L.B.  were  placed  in  parallel 
horizontal  planes  equally  near  the  roof  and  floor  of  the  enclosure,  respectively, 
so  that  they  did  not  hinder  the  opening  and  closing  of  the  enclosure  entrance  E. 
To  reduce  capacitive  effects  to  a  minimum  but  yet  provide  strong  enough  fields 
for  detection,  and  also  to  provide  supports  for  the  loops,  hocks  H  were  placed  in 
the  eight  comers  of  the  enclosure.  These  were  ordinary  rubber  suction  cups 
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Frequrrcy  of  testi  15  t.  lu  cps 

-  Center  of  shielded  enclosure  E  -  Enclosure  entrance 

»  Cuter  shielding  layer  H  »  Hooks  of  sufficient  length  to  allow  d 

•  2  inches  T.L.*  Twisted  leads 

Top  loop  (Each  10  turns  of  Nc.  18  insulated  wire  horizontally  oriented  sri) 

I.n.  «  Rotteei  loop  (engulfing  the  entire  closure.  (Transmitting  antenna,)  ) 

S.T,.  «  Circular  loop.  Antenna  AT-205/URM-£  used  in  conjunction  with  Radio  Interference 
Set  AN/URM-6  or  10-turn,  12 -inch  diameter  of  No.  12  AWG  copper  enameled  insulated 
wire.  Placed  in  the  center  of  the  room  midway  between  I,.T.  and  L.R. 

(Receiving  antenna) 

0  «  Low  impedance  signal  source  to  obtain  adequate  output  at  frequency  of  test 

I  -  Audio  frequency  A.C.  ammeter  good  at  15  kc.  (The  voltage  across  a  1-ehm  non- 

inductive  resistor  may  be  measured  to  find  T.) 
m  •  impedance  matching  transformer,  if  necessary 

D  »  Radio  Interference  Set  AN/URM-6  or  high  input  impedance  A.C.  voltmeter 

A  •  Low. noise,  narrow  bandpass  amplifier,  if  necessary. 


FTO.  1  SHIELDING  EFFECTIVENESS  MEASUREMENT  -  LOW  IMPEDANCE  FIELDS 


RIinRER  SUCTION 
Available  at  a; 
Hardware  Store 


No.  12  AWC1  Copper  Wire 
Bent  to  Shape 


d  ■  approximately  two  inches 


riu .  1A  RURRER  SUCTION  CUP  WTTR  TOTAL  HOOK 


with  hooks  like  those  in  Figure  T  A.  Protrusion  of  the  hooks  was  such  as  to 
allow  a  distance  of  approximately  2  inches  between  the  loops  and  the  enclosure 
outer  shielding  layer  S. 

Each  loop  consisted  of  10  turns  of  No.  18  stranded,  tinned , insulated 
copper  wire;  the  turns  were  spaced  as  closely  as  possible.  The  two  loops  were 
connected  in  series  aiding  with  twisted  leads  T.L.  which  were  also  connected  to 
an  audio  signal  generator  or  power  oscillator  G.  An  impedance  matching  trans¬ 
former  M  was  used  to  match  the  output  impedance  of  the  generator  to  that  of  the 
external  loops.  The  impedance  of  the  latter  was  measured  with  an  a  .c .  impedance 
bridge  at  the  frequency  of  test  and  in  its  final  test  position.  Inside  the 
enclosure  at  its  center  was  placed  a  pick-up  loop  S.L.  similar  to  antenna 
AT-205/TJRM~6  or  alternatively,  a  10  turn,  12-inch  enamel-insulated  wire  pick-up 
loop.  The  plane  of  the  pick-up  loop  was  parallel  to  the  planes  containing 
L.T.  and  L.R.  The  output  of  the  signal  cenerator G  was  adjusted  until  a  suffi¬ 
cient  current  I  was  flowing  in  the  turns  of  the  big  outside  loops  which  induced 
a  measurable  voltage  in  the  small  inside  loop.  The  voltage  induced  in  the  small 
loop  at  the  center  of  the  room,  while  the  l^rge  loops  were  excited,  was  measured 
with  the  calibrated  Radio  Test  Set  AN/URM-6  or,  alternatively,  with  a  high 
impedance  voltmeter-,  The  high  impedance  voltmeter  limits  the  current  flowing  in 
the  small  inside  loop  to  a  minimum  (this  current  should  be  essentially  zero  since, 
if  it  we;e  not  zero,  it  would  create  an  additional  magnetic  field  which  would 
tend  to  cancel  those  produced  by  the  large  loops  and  thus  introduce  an  error  in 
the  measurement).  A  low  noise,  narrow  band  amplifier  A  with  a  high  input  imped¬ 
ance  was  used  when  the  output  signal  of  the  small  loop  was  insufficient  to  give 
a  reading  at  th«*  detector  D.  The  voltage  induced  in  the  pick-up  lo-^p  without 
the  presence  of  the  shielded  enclosure  ur.-der  the  same  conditions  described  above 
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was  calculated  theoretically  from 

(1)  V.  -  AB  volte 

2  1  z 

where 


f  »  frequency  of  test  (15  x  10  cps) 

•  number  of  turns  of  small  pick-up  loop 

A  ■  area  of  i’mall  pick-up  loop  in  square  meters 

u  •  hff  x  10  henry/meter,  permeability  of  free  space 
'0 

N  ■  Number  of  turns  in  each  of  big  loops 

I  ■  current  in  amperes 

2a  -  x-dimension  of  big  loop  in  meters 
21  s  y *  i )  h  v  ■»»  u  m 

2*-  separation  of  the  two  big  loops  center-to-center  in  meters . 


The  shielding  effectiveness  is  defined  as 


(2)  Shielding  Iffectlveness  (db)  -  20  log  rj~ 

m2 


where 

-  the  magnetic  field  Intensity  without  the  enclosure 
■  the  magnetic  field  intensity  within  the  enclosure 

Since  the  voltages  thus  calculated  and  measured  are  proportional  to  the  magnetic 
field  intensities  and  H^,  respectively,  the  shielding  effectiveness  is  cal¬ 
culated  from  equation 

V, 

(3)  Shielding  Effectiveness  (db)  •  20  log  =r~ 

v2 
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where 


/  v 

\ 


»• 

Y 


■  the  theoretically  determined  open  circuited  voltage  induced  in 
the  pick-up  loop  without  the  enclosure  in  volts 

-  the  open  circuited  voltage  induced  in  the  pick-up  loop  within 
the  enclosure  in  volts . 

A  test  was  made  to  insure  that  no  case  leakage  existed  at  the  detector.  The 
detector  shewed  no  indication  whatever  above  the  inherent  background  when  the 
generator  3  was  disconnected.  While  the  loops  were  in  the  positions  shown  in 
Figure  1,  a  small  loop  probe  was  used  to  search  for  leaks  and  other  imperfec¬ 
tions  that  were  present.  The  small  probe  was  a  multiturn  unit  AN-207/URM-6 
used  in  conjunction  with  an  AN/USM-6  Radio  Test  Set.  When  the  small  loop  probe 
was  carried  in  a  horizontal  plane  around  the  enclosure  walls,  a  variation  of 
the  pick-up  voltage  resembled  the  illustration  given  in  Figure  2.  The  joints 
werr  tightened  until  the  peaks  of  the  leaky  joints,  at  all  joints,  were  reduced 
to  a  minimum.  Other  places  which  appeared  leaky  were  corrected. 

Only  after  all  the  joints  were  well  tightened  and  all  other  defects 
had  been  corrected,  the  shielding  effectiveness  lew  frequency  test,  as  described 
above,  was  performed.  Tvpical  values  of  shielding  effectiveness  ranged  around 
60  db  f or  a  cell-type  screened  enclosure  of  old  manufacture. 

It  is  proposed  that  this  test  procedure  be  included  in  the  revised 
test  standards  for  measuring  shielding  effectiveness  of  shielded  enclosures, 
li .  Theoretical  Derivation  of  Equation  (1A) 

The  theoretically  exoected  value  of  the  voltage  induced  in  a  small 
single-turn  circular  loop  when  placed  along  the  axis  and  parallel  with  a  large 
rectangular  loop  of  sides  2a  or  ?b  meters  in  the  xy-plane,  as  shown  in  Figure  3, 
will  be  derived  for  a  current  of  I  amperes  flowing  in  the  rectangular  loop, 
whose  conductor  cross  section  Is  considered  small  compared  with  7a  and  2b. 

*  S  «  O  9  atSfABCH  fOUNDU'OS  Of  ilONOlS  INSTUuU  Of  MC  MNOtO&T 

-  <j  -  ARF  Prcj.  El 08 

Quar.  Rpt.  No.  lj 


■closure  SHOwirra  leaky  jodjts 


The  incremental  vector  potential  at  a  distance  r  from  an  element  of  a  conductor 

8 

of  length  d|  '•arrying  a  current  1  amperes  is  given  by 

0 

r  dfl. 

<»  ■  £  r 

8 

and  the  total  vector  potential  $  nay  be  obtained  by  integrating  around  the 


closed  loop 


*/£• 


(5)  4  •  g 


For  the  rectangular  loop,$  has  two  components  A  and  A  given  by^ 


ii  (ri 


(rl  *  *  *  *)  fr3  -  a  *  *) 

(V**) 


17)  A  .el  An  (Illlll)  tmu) 

V  fc  (rjnrr^  f- .  b  *  7)  • 

where  r^,  r^,  r y  r^  are  the  distances  from  the  point  P  to  the  individual  vertices 
of  the  rectangular  loop,  respectively.  Since  the  small  loop  is  placed  with  its 
center  along  the  z-axis  and  is  parallel  to  the  large  loop,  and  B  will  not 
contribute  to  the  induced  voltage  in  the  loop.  The  flux  density  in  the  plane 
of  the  loon  is  given  by 


.3. 


Bq.  (8)  is  completely  general  and  is  derived  from 


IB  -7  x  B  , 


where 


7  •  i  2.  .  i  i.i  3. 


For  a  point  P(o,  o,  z), 


rl  "  r2  "  r3  “  Th 


2  x2  2 
a  +  b  +  z 


and  both  A  and  A  ars  zero. 

*  y 


Since 


(12)  a7  to  u  (x,  y,  z)  »  - 


1  du 
u  Hx  ’ 


the  partial  derivatives  In  Equation  (8)  may  be  evaluated  more  easily  if  one  lets 

(r?  ♦  b  +  y)  (r,  -  b  +  y)  0^)  (V^) 

ri3a)  u(x,  7,  >)  -  rF-}  :  --y5  r^-  b-vyr  ■  n^y  'ItfjT  ■ 


(13b) 


r(x,  V,  z)  - 


(^  ♦  a  +  x)  (r^  -  a  +  x)  (N^)  (N?) 


+  a  +  x 


(D1)  (D2) 


Thus , 


ul  Id  (t2  *  b  +  y)  (ru  -  b  -  y) 


3  *  fiig  .  yl  I  d  *2  ^  u 

5x  y  Ii^Vx  n  U  U"  IT  dx  Tr^  -  b  y)  (r^  ♦  b  ♦ 


k  did2  (N1  Hr  * 


v  u 


or.  ar.  or 

N?  dT;  -  Vi  fti  ~S  •  h  -i  l 

(DjDj)2 


where 


Thus , 


k  '  ^ 


^  .  k  1  u  x  ♦ 

r,  v  .7  Tf 


x  -  a 


2  r- 


-  u  D, 


i  *  1  *  : 

32  r. 

3  ' 
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Wa  want  to  evaluate  (17)  at  the  point  P  (o,  o,  d).  Thus,  from  (11)  and  (13a)> 
(18)  u(o,  o,  d)  *  1. 

Tharafora,  at  P(c,  o,  d), 

<”>  f*f  *  t <*♦*>  *  ^  (»)]  -ffr  <**•>  * 


a\  k 

at'  77? 


~  |\'x*a)  -(x-a)j  +  |(x-a) -(*-«) J  ^ 


“>  t^-TTir  [■?»•*<-»>]. 


1- 

(22)  •  _ - - 

^x  r -  b 


,2ab  2abx 
<—  *  — >» 


f?3>  ^ 


k  hab 

75 — 7T  * 

(r  -  b  )  r 


Finally,  Equations  (16)  and  (li)  ara  used  to  obtain 

(21.)  ^  ■  -- f^b— , - i -  . 

n  (a2  ♦  dz)  ^rr~~r~? 


w  ^  b  ♦  d‘ 


Similarly, 


-=^—  -  k  —  /n  V  (x,  y,  z) 
^  J.  <7y 


B  "  7(7T7j  -/777T7 


Thua, 
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/  V 


(27)  B 


pi  ab 


Jo,  o,  d 


•y 


"5  Jl  ,2  ' 

a  -*■  b  ♦  d 


"5 — '7  “+T 
a  +  d  h 


77-) 


webers 

. 

meter 


Note  that  equation  (27)  reduces  to  Equation  ($)  of  reference  2,  page  8,  for 
the  case  d  *  0)  namely, 

Vi  r? 

Va  +  b 


(28) 


Bz  ' 


El 

rr  ab 


o,  o,  o 


vebers 

~7"T  • 
meter 


Tn  the  case  of  the  contribution  of  two  loops  (small  loop  placed  mid¬ 
way  between  two  parallel  N  turn  loops  carrying  I  amperes  in  their  conductors), 


(29)  B„ 


2N  uJ  ab 


y 


? — 3 — 7  »  •  a 

a  b  ♦  d 


1  1  )  webers 

5 - T  *  72 - T 


b  +  c!"  /  meter 


The  voltage  induced  in  a  N^-turn  loop  of  area  A  at  the  point  P  (o,  o,  d)  is 
therefore 


(30)  V  -  2irfN,  78  volts 
1  2 


or 


(31)  V  -  UNN^fTA 


ab 


r 


_  i  +  ,  i 

“3  72  7  i  a2  +  d2  b2  4  d2 

a  ♦  b  +  d 


volts 


Equation  (27)  is  exactly  Equation  (1A)  mentioned  above  and  Equation  (31) 
is  similar  to  Equation  (1). 
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Reciprocity  cf  Shielding  Effectiveness  HBiauremcnts  by  the  Two-Loop  Method 
The  basic  Method  of  Measuring  shielding  effectiveness  of  enclosures 
«t  low  frequencies  involves  the  use  of  tiro  loops  of  unequal  size.  Placing  the 
'Larger  loop  around  the  enclosure  and  the  ssaller  one  inside  the  enclosure,  one 
can  (a)  detect  the  voltage  Induced  in  the  snail  loop  by  the  Magnetic  field 
created  by  the  large  loop;  or  (b)  excite  the  small  loop  inside  the  enclosure 
and  detect  the  voltage  induced  in  the  large  loop  outside  the  enclosure. 

In  both  cases,  the  coupling  between  the  coaxial  loops  is  also  calcu¬ 
lated  (or  measured)  in  the  absence  of  the  enclosure.  If  in  the  presence  and 
absence  cf  the  shielded  enclosure  the  induced  voltages  measured  are  designated 

I  ! 

by  and  for  case  (a)  and  V],  and  V1  for  casa  (b),  respectively,  the  shield¬ 
ing  effectiveness  is  defined  by 


(32) 


or 


(33) 


S,E(a)  "  20  log 


'3 


decibels 


S.E 


(b) 


20  log 


decibels 


Reciprocity  shows  that,  if  the  open-circuited  voltages  are  measured 
by  a  high  impedance  voltmeter,  the  two  insertion  loss  values  obtained  in  both 
methods  are  equivalent;  that  is, 

(3U)  . 

To  show  the  validity  of  Equation  (3i)  analytically,  consider  an  over¬ 
simplified,  but  adaquate  for  the  purposes  of  this  analysis,  circuit  diagram  of 
the  measurement  setup  shewn  in  Figure  U.  In  this  figure,  the  shielded  enclosure 
is  represented  by  a  short-circuited  turn.  A  voltage  of  volts  ms  impressed 
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LOOP  I  SHIELDED  LOOP  2 

(OUTSIDE)  ENCLOSURE  (INSIDE) 


MEASUREMENT  (a) 


LOOP  I  SHIELDED  LOOP  2 

(OUTSIDE)  ENCLOSURE  (INSIDE) 


MEASUREMENT  (b) 


L,«  ,  L, $  ARE  LEAKAGE  INDUCTANCES 

L,  ,  Lt  ,  L3  ARE  SELF  INDUCTANCES 
Mit  *  Mti  i  Mis  are  MUTUAL  INDUCTANCES 


FIG.  4  SIMPLIFIED  CIRCUIT  DIAGRAM  OF  THE  TWO  LCCV  :  i  HOD  OF 
MEASURING  SHIELDING  EFFECTIVENESS  OF  ENCLOSURES  AT  LOW 

FREQUENCIES 


1  VT-T’ 


I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 


by  a  generator  located  in  the  first  (transmitting)  loop  will  cause  a  current 
of  1^  amperes  rms  to  flow  in  this  loop.  This  current  induces  1^  amperes  rms 
to  flow  in  the  enclosure  walls.  The  currents  1^  and  L,  induce  a  voltage  in 
the  loop  inside.  No  current  is  allowed  to  flew  in  the  second  (receiving)  loop 
because  of  the  high  impedance  of  the  voltmeter  used  to  measure  the  voltage 
acroee  this  loop. 

The  voltage  equations  of  the  systems  are  (see  Figure  lt(a)  ),  since 


(35)  -V3  -  Ir  -  i2 

and 

(36)  0  -  I2  +  (Rg  ♦  .1  a?  1^ )  I2. 

Frovr  Equations  (35)  and  (36), 


Now  the  middle  mesh  is  removed;  this  corresponds  to  removing  the  shielded 
enclosure.  Mesh  No.  1  is  again  excited  until  a  current  of  1^  amperes  rms  flows 
in  it.  The  open  circuited  voltage  in  Mesh  No.  3  is  therefore 

(38)  -V*  «  jO)M13  ^  . 


Using  Equations  (3?)  and  (38)  in  Equation  (32)  and  simplifying,  one  gets 


(39)  S.E(a)-2Clog 


*2  + 


■*  ♦ 


By  a  similar  procedure,  but  now  exciting  the  loop  inside  and  measuring  the 
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open  circuited  voltages  and  induced  in  the  big  loop  outside  (see  Figure 
li(b)  ),  it  is  found  that 


m 


S.E 


(b) 


20  log 


R2  +  jU)I'2 


*2  4  ^h'-k^22) 


Comparing  Equations  (39)  and  (ijO)^  one  sees  that  Equation  (3U)  is  Justified. 
It  is  interesting  to  notice  that 


Oil) 


Lim 

CO — >  o 


! 


-C  ~  f  j  oi  • 


and  Equations  (39),  (liO)  and  (III)  agree  with  experimental  results  which  show 
that  the  shielding  effectiveness  of  the  enclosure  to  lcw-impedance  fields  at 
very  low  frequencies  is  zero1  (log  1*0). 

A  similar  analysis  of  Figures  ii(a)  and  li(b),  but  now  allowing  currents 
1^  and  1^  to  flow  in  Mesh  No.  3  and  Mesh  No.  1,  respectively,  (case  of  the  lew 
impedance  voltmeter),  shows  that  the  corresponding  Equations  (39)  and  (Uo)  are 
not  equal. 


Thus,  as  long  as  no  current  is  allowed  to  flow  in  the  pick-up  loop, 
the  measurement  of  shielding  effectiveness  is  bi-later&l.  This  means  that  the 
shielding  effectiveness  obtained  from  measurements  made  by  exciting  the  large 
loop  outside  and  measuring  the  open  circuit  voltage  induced  in  the  small  loop 
inside  or  exciting  the  small  loop  inside  and  measuring  the  open  circuit  voltage 
induced  in  the  large  loop  outside  must  be  the  same.  This  conclusion  was  verified 
experimentally  at  15  kc. 


1 


Reference  2,  Figures  C  tc  11 . 
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The  overall  performance  of  the  enclosure  is  much  more  effectively 
checked  when  the  large  loop  is  excited.  This  method  of  excitation  produces 
stronger  fields  near  the  walls  of  the  enclosure  whore  they  are  needed  to  pro¬ 
vide  stronger  currants  to  check  leaky  joint  and  other  defects.  The  small  loop 
is  less  effective  in  bathing  the  entire  shielded  enclosure  with  strong  enough 
fields  to  be  detected  locally  with  ease. 

Finally,  the  voltage  induced  in  the  small  loop  inside  is  measured 

in  the  presence  of  the  shielded  enclosure  while  the  large  loop  is  excited } 

this  result  is  compared  with  the  theoretically  expected  induced  voltage  in  the 
small  loop  with  the  absence  of  the  enclosure.  This  theoretically-obtained 
value  of  induced  voltes  is  the  open  circuited  one.  When  a  current  is  allowed 
to  flow  in  the  pick-up  loop,  it  will  tend  to  cancel  part  of  the  field  produced 

by  the  large  loop.  (In  the  case  of  Radio  Test  Set  AN/URM-6,  the  loop  pick-up 

is  calibrated  in  terms  of  the  actual  magnetic  field  uo  that  this  is  no  longer 
of  concern.) 

6.  Surface  Impedance  Measurements 

Measurements  of  shielding  effectiveness  at  low  frequencies,  made  with 

1  2 
the  coaxial  testing  device  on  one  hand,  and  with  the  two  loop  method  on  the 

other,  at  low  frequencies,  on  copper  screening  material  used  bv  one  shielded 

enclosure  manufacturere  revealed  that  it  was  approximately  equal  to  that  offered 

by  a  3-"iil-thick  copper  sheet. 

The  coaxial  device  measures  the  shielding  effectiveness  of  materials 

to  (medium-impedance)  plane  waves,  whereas  the  two  loop  method  measures  the 

shielding  effectiveness  to  lcw-impedance  magnetic  fields.  At  lew  frequencies, 

^A  discussion  of  this  testing  device  and  its  utilization  in  measuring  shielding 

effectiveness  of  materials  are  given  in  Section  III-E  of  this  report 

2  | 

Reference  2,  pp.  h  to  lLi . 
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the  main  loss  introduced  by  shielding  materials  to  plane  waves  is  that  due  to 

reflection^.  Since  both  materials  exhibit  approximately  the  same  loss  at  low 

frequencies,  their  surface  impedances  must  also  be  approximately  equal.  T~ 

verify  this  statement  experimentally,  the  surface  impedance  of  copper  sheet 

2.5  mils  thick  and  copper  screening  material,  22  x  22  strands  per  inch,  15  mils 

diameter,  was  measured  by  the  method  indicated  in  Figure  5.  The  values  recorded 

were  2.2ti  x  lCf^  ohms  per  square  and  2.69  x  10"^  ohms  per  square  for  the  copper 

sheet  and  copper  screening  material,  respectively.  The  method  of  measurement 

2 

used  during  this  test  differs  from  the  conventional  method  in  which  the 
electrodes  are  placed  in  opposite  sides  of  the  square  piece  whose  surface 
impedance  is  desired,  rather  than  in  adjacent  sides.  The  latter  method  was 
used  because  of  the  anisotropy  of  the  screening  material. 

Additional  tests  were  performed  to  determine  the  shielding  effective¬ 
ness  of  the  materials  to  low-impedance  magnetic  fields  and  plane  waves  at  low 
frequencies.  The  two-loop  method  was  used  to  take  the  data  which  are  plotted 
in  Figure  6.  Because  of  availability,  2.5-mil-thick  copper  sheet  was  used  for 
the  tests  and  compared  with  the  shielding  of  one  and  two  layers  of  copper 
screening.  Figures  ll*  and  19,  in  another  section  of  this  report,  show  the 
shielding  effectiveness  of  the  two  materials  to  olane  waves.  The  shielding 
effectiveness  of  the  two  shielding  materials  to  both  low-impedance  magnetic 
fields  and  plane  waves  is  equivalent  only  at  low  frequencies  (of  the  order  of 
a  few  kc)  where  it  is  primarily  due  to  reflection.  At  higher  frequencies,  the 
screen  perforations  play  a  more  important  role  and  the  shielding  effectiveness 
of  copper  sheet  and  copper  screening  are  quite  different,  as  shown  In  Figures 
111  and  19,  respectively. 

Reference  5,  graph  on  p.  16 
o 
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2  .*5  nil  thick 
Copper  Sheet 


The  reflection  loa a  in  db  sustained  by  &  plane  wave  incident  on  the 
above  materials  ia  calculated  from* 

(R  ♦  377 )2 

(1»2)  R.L.  (db)  -  20  ]3g  - > 

8 

with  the  .-Justifiable  assumption  of 
(1*3)  Rb  «  377. 

Calculated  reflection  less  at  d.c.  leads  to  values  of  152.5  db  and  150.9  db  for 
the  copper  sheet  and  screening  material,  respectively.  These  values  of  reflec¬ 
tion  loss  are  in  agreement  with  the  150  db  (100  cps)  theoretical  value  reported 
by  Vaaaka2. 

In  section  III-E  of  this  report,  additional  experimental  data  are 
given  regarding  the  variation  with  frequency  of  shielding  effectiveness  to 
plane  waves  of  different  screening  materials  acting  as  shields. 

C.  Measurements  st  Mid -Frequencies 
1.  Introduction 

In  the  Third  Quarterly  Progress  Report,  it  wa3  pointed  out  that  the 
shielding  enclosure  acts  as  a  resonant  cavity  at  the  frequencies  at  which  its 
sides  are  equal  to  n  ^  ,  where  n  is  an  integer  and  ^  is  the  wavelength  of 
electromagnetic  waves  at  frequency  f.  The  existing  standing  waves  inside  the 
"cavity"  can  affect  any  electrical  equipment  in  an  unfavorable  manner  whenever 
it  is  placed  at  locations  where  the  field  intensity  is  high  because  of  resonance. 
Some  of  the  resonance  frequencies  calculated  for  the  shielded  enclosure  under 
test  were  83. h  me.,  167  me.,  18b  me.,  210  me.,  etc.^  Figure  13,  p.  32,  of 

1  "  . .  "  —  ■■  »  — —  »—  —  ■  ■■  '  ■■  ...  ■  H 

Reference  5,  pp.  3-5. 

Ibid.,  graph  on  p.  16 
*  Reference  2,  pp,  29-31 
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Reference  2  shows  the  distribution  of  the  electric  and  magnetic  fields  for  the 
TE™  mode  and  one  method  of  its  excitation^". 

2 .  Experimental  Results 

a .  Introduction 

Attempts  were  made  to  detect  the  predicted  resonant  frequencies  of 
the  cell-type,  copper  screened  enclosure  of  approximate  dimensions  of  10  feet 
x  8  feet  x  8  feet.  The  resonances  are  hard  to  find  because  the  Q  of  the  cavity 
is  vury  high.  With  the  calculated  resonant  frequencies  as  a  guide,  measurements 
were  made  of  the  existing  fields  inside  the  room.  The  set-up  shown  in  Figure  7 
was  used  to  obtain  the  curves  appearing  in  Figures  8,  9,  and  10.  As  can  be 
seen  from  these  figures,  the  degradation  to  shielding  effectiveness  introduced 
at  the  lowest  group  of  resonant  frequencies  is  about  30  db. 

b.  Method  of  Measuring  Shielding  Effectiveness 

The  measurement  of  the  shielding  effectiveness  at  the  mid -frequencies 
is  accomplished  by  using  the  measurement  set-up  shewn  in  Figure  ?.  Because  of 
the  high  attenuation  introduced  by  the  shielded  enclosure  at  the  mid-frequency 
region,  a  high  power  signal  generator  was  used,  specifically  a  Rollin  Power 
Type  Signal  Generator,  Model  30A.  The  generator  was  feeding  a  half-wave  dipole 
antenna  A^  through  a  50-ohm  doubly  shielded  cable  (RQ/tT-QB)  C^;  the  antenna 
produces  in  the  vicinity  of  the  enclosure  strong  free  field  waves  whose  imped¬ 
ance  is  that  of  plane  waves .  Inside  the  enclosure  was  placed  another  dipole 
antenna  A^  whose  length  ( 1  is  much  less  than  a  quarter  wavelength  at  the  fre¬ 
quency  of  test.  The  overall  length  of  the  dipole  receiving  antenna  is  kept 
electrically  short  <  jj  )  so  that  its  impedance  will  not  change 

Tor  corrections  to  this  fig!refsee  ERRATA  at  the  end  of  this  report. 
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*1 2 •  ^  connecting  oh  1  aided  coaxial  cable*. 

frequency  of  test;  The  lowest  natural  rr:!r,nant  frequency  of  th»  enclosure  considered 
as  a  cavity.  Tn  th‘  cane  of  a  rcctirvul  >r  parallelepiped  enclo¬ 
sure  tbe  frequency  Is 


’fbere  a  and  b  are  the  Inside  dimensions  of  tb »  e.1.*-*s  v»,tch  for«.  the  1  .r  -.-r  side  wnll 
of  the  enclosure  rv^-mped  1  r.  ter*1 . 
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VARIATION  OF  SHIELDING  EFFECTIVENESS  OF  CELL-TYPE 
ENCLOSURE  NEAR  THE  RESONANT  FREQUENCY  OF  18!a  nc . 


appreciably  (1)  as  the  reviewed  frequency  sweeps  past  the  resonance  frequency 
during  Measurements  and  (2)  when  the  antenna  is  taken  outside  the  enclosure, 
as  does  the  impedance  of  the  half-wave  dipole  antenna^. 

The  output  of  antenna  was  brought  outside  the  enclosure  to  an 
IM-88/0RM-li7  Radio  Interfercroe/Field  Intensity  Meter  through  a  coaxial  feed¬ 
through  connector  located  in  the  roof  of  the  enclosure.  In  order  to  minimize 
unwanted  pick-iip  and  field  distortion,  cable  was  kept  as  short  as  possible; 
RQ/II-9B  dcuble  shielded  cable  was  used.  The  presence  of  excessive  leakage  at 

the  ri/fi  meter  necessitated  the  construction  of  a  shielded  case  for  the  meter. 

! 

Cable  was  also  provided  with  a  third  shield.  When  the  connectors  C  or  C 
were  shorted  c-t,  it  was  found  th't  the  meter  was  not  picking  up  any  stray  fields. 
The  antenna  inside  the  shielded  enclosure  where  the  electric  field  intensity 
was  high  was  supported  by  its  tripod.  (In  case  of  the  lowest  natural  resonant 
frequency,  tha  electric  field  intensity  is  maximum  at  the  center  of  the  enclo¬ 
sure  and  its  orientation  is  perpendicular  to  the  plane  of  the  largest  side  panel.) 

Thu  transmitting  antenna  A^  was  oriented  perpendicular  to  the  center 

2 

of  the  largest  wall  of  the  enclosure  and  was  pulled  away  until  a  maximum  indi¬ 
cation  was  obtained  at  the  meter  M.  This  distance  of  the  center  of  the  antenna 
A^  from  the  enclosure  wall  corresponds  to  an  integral  multiple  of  half  wave¬ 
lengths  (n  .  However,  to  prevent  interaction  of  with  the  enclosure  walls, 

n  was  kept  greater  than  3*  The  generator  frequency  vas  varied  in  very  small 
steps  around  the  resonant  frequency  and  curves  were  plotted  similar  to  the  ones 
which  appear  in  Figures  8,  9,  and  10.  The  coupling  of  the  antennas  and  A„ 
was  also  measured  outside  the  enclosure  when  spaced  the  same  distance  and 
oriented  the  same  way  as  when  one  was  inside  and  the  other  outside.  The 
^Reference  2,  pp.  36-37  - 

This  orientation  will  favor  the  TE^  mode  of  excitation. 
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shielding  effectiveness  at  the  lowest  natural  resonant  frequency  is  defined  as 
the  increase  In  attenuation  of  the  outDut  generator  Q  to  give  the  same  reading 
indication  on  the  meter  M  that  existed  for  reception  through  the  enclosure 
shield. 

It  should  be  mentioned  at  this  point  that  the  position  of  the  receiv¬ 
ing  antenna  in  the  centar  of  the  enclosure  is  exactly  correct  with  respect 
to  the  orientation  and  location  of  the  maximum  electric  field  in  the  cavity 
only  for  the  case  of  the  lowest  natural  resonant  frequency.  Although  the 
location  and  direction  of  the  maximum  electric  field  changes  within  the  cavity 
with  the  various  natural  resonant  frequencies,  the  tests  performed  to  take 
the  data  which  appear  in  Figures  9  and  10  had  the  antenna  A^  always  in  the 
same  position,  the  center  of  the  enclosure. 

If  the  antenna  location  is  changed  within  the  enclosure,  the  pick-up 
voltage  will  also  be  changed.  The  measurements  are  also  subject  to  the  test 
conditions;  that  is,  any  metallic  objects  present  inside  or  outside  the  enclo¬ 
sure  may  affect  the  measurement  results.  Metallic  objects  or  other  perturbations 
placed  inside  the  enclosure  at  points  where  the  magnetic  field  is  maximum  have 
the  effect  of  increasing  the  resonant  frequency  (from  the  calculated  value); 
wen  placed  at  points  where  the  electric  field  is  maximum  they  have  the  effect 
of  reducing  the  value  of  the  calculated  resonant  frequency'*'.  In  the  cas6  of 
the  first  resonant  frequency,  for  example,  the  dipole  antenna  and  its  support¬ 
ing  structure,  since  it  is  placed  at  the  center  of  the  enclosure  where  the 
electric  field  is  maximum,  reduced  the  value  of  the  resonant  frequency  from  the 
calculated  value  of  83. h  me  to  the  measured  value  of  80.85  me.  Losses  present 
in  the  walls,  by  the  same  token,  increase  or  reduce  the  values  of  the  resonant 

^Reference  6,  pp.  80-81. 
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frequencies  if  the  magnetic  or  electric  field  is  maximum  at  those  locations. 

In  addition,  the  resonant  frequencies  crowd  together  as  one  goes  up 
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in  frequency,  and  their  effects  overlap.  To  keep  the  test  as  simple  as  possible ^ 
it  is  proposed  that  the  test  for  shielding  effectiveness  be  performed  at  the 
lowest  natural  resonant  frequency  of  the  enclosure  when  it  is  considered  as  a 
cavity . 

3.  Conclusions 

For  the  enclosure  tested,  the  shielding  effectiveness  to  plane-wave- 
impedance  fields  at  mid -frequencies  varies  from  about  100  db  at  60  me  to  about 
65  db  at  liOO  me.  The  reduction  in  shielding  effectiveness  at  the  narrow  peaks 
of  the  natural  resonant  frequencies  is  about  25  to  30  db  and  brings  the  field 
intensity  value  inside  the  shielded  enclosure  well  within  the  sensitivity  range 
of  the  ri/.fi  instruments  now  used.  However,  the  shielding  effectiveness  to 
plane-wave  impedance  fields  offered  by  solid  sheets  of  copper  of  a  few  thousandths 
of  an  inch  thick  is  much  higher  than  screening  material.  Therefore,  a  test  for 
resonant  frequencies  might  be  quite  difficult  under  these  conditions. 

Nevertheless,  it  is  planned  that  a  test  of  this  type  will  be  included 
in  the  revised  test  standards  for  measuring  shielding  effectiveness  of  shielded 
enclosures  since  the  data  are  important  to  the  description  of  shielding  effective¬ 
ness  . 

D.  High-Frequency  Tests 

The  testing  of  the  enclosure  in  the  neighborhood  of  9  kilomegacycles 
has  temporarily  been  delayed  because  of  a  failure  of  the  AN/APS-25  radar  unit 
which  was  employed  as  a  high  pewer  source. 
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I.  Coaxial  Testing  Device 


1 .  Introduction 

In  the  Second  and  Third  Quarterly  Progress  Reports,  it  was  Indicated 
that  a  section  of  coaxial  transmission  line  could  be  used  to  measure  the  shield¬ 
ing  effectiveness  of  materials  to  plane  waves.  A  thin  lamina  of  the  material 
is  Inserted  in  the  line  as  a  barrier  extending  from  the  inner  to  the  outer 
coaxial  conductors  and  perpendicular  to  them  as  in  Figure  11(a).  It  was  shown 
in  the  Third  Quarterly  Progress  Report  that  the  portion  of  the  coaxial  guide 
filled  with  the  shielding  material  under  test  can  be  represented  as  a  trans¬ 
mission  line  whose  per-unit  impedance  and  admittance  are  given  by 

4  ,  b 

(1*U )  Z  =  — % -  ohms/meter 

and 

(h5)  Y  *  °-^  mho/meter, 

<n! 

respectively.  This  transmission  line  portion  is  shown  in  Figure  11(b). 

2 .  Equivalent  Circuit  of  the  Transmission  Line 

It  is  desirable  to  construct  a  lumped  four-terminal  network  whose 


external  behavior  will  simulate  that  of  the  given  line  of  length  d  whicn  repre- 
sents  the  lamina.  The  impedance  matrix  for  a  transmission  line  of  length  d  is 


Reference  3,  PP-  2E>6-2?6. 
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and 


CM)  j  -  v?r  -  a  *  jrV^P" 

are  the  characteristic  imppdance  and  propagation  constant,  respectively,  of 
the  transmission  line  that  represents  the  lamina. 

The  transmission  line  shown  in  Figure  11(b)  can  be  realized  over  a 
band  of  frequencies  with  a  number  of  simple  T's  as  shown  in  Figure  11(c),  for 


wpich 

(1*9) 


m 


and  n  is  the  number  of  simple  T's  employed.  The  characteristic  impedance  of 
the  cascaded  n  T's  must  be  the  same  as  that  of  the  transmission  line  they 
represent,  namely  8,,  and  the  propagation  functions  must  be  the  same;  thus} 


Expand  (51)  with  the  binomial  theorem  and  use  for  (52)  the  expansion 

. -1  1  u^  1  3  u* 

(53)  sinh  «u-7j-  -j-  +  -j» —  •  •  • 

for  small  u  to  get 

(5U)  -  j  (g)11*  •••}> _ 

1  Reference  3,  p.  258. 

ILLINOIS  I  N  s  I  I  ;  u  I  t  OP  TECHNOLOGY 


armour  PE  S  [ARC  N  FOUNDATION  OF 


-  35  - 


ARF  Proj.  1108 
Quar.  Rpt.  No.  1* 


A. 


(55)  nrT  *  Yd  1  -  J  (3Jf)  ♦  ^  ($)  "  r  . 

V. 

If  -  is  chosen  in  such  a  wav  that  the  fourth  power  terms  in  (5b)  and 
n 

(55)  are  much  smaller  than  the  square  terms,  one  can  determine  the  number  of 
sections  necessary  to  give  a  certain  amount  cf  error  in  and  y* 

Thus,  from  Equations  (5h)  and  (55),  one  may  define 


^  ?  ^5n^  as  error  in 


0^  *•£  (^)  r  as  the  error  in  y. 


To  determine  the  required  number  n  of  T's,  assume  a  5  percent  allowable  error 
in  the  characteristic  impedance;  thus 


(58)  0.05  ^  ^  |  ~pj 

For  the  case  of  copper  and  f  *  5  x  10^,  d  =  2.5  mils  «  6.35  x  10-^  meters, 

(5Q)  n  *  1.5  . 

Hence,  two  T's  will  suffice  to  represent  the  lamina  whose  total  inductance  and 
resistance  are 

(60)  *  10.6  x  10  ^  henry 


(61)  R?  -  50  x  10"°  ohms, 

respectively,  up  to  the  frequency  of  5  x  10^  cps.  The  single-T  representation 
of  the  lamina  which  was  given  in  the  Third  Quarterly  Progress  Report  is  too 
gross  an  approximation,  except  at  the  lowest  frequencies.  The  iwo-T  representa¬ 


tion,  on  the  other  hand,  is  valid  up  to  a  frequency  near  10'  cps.  Figure  12 
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FIG.  12  EQUIVALENT  CIRCUIT  OF  THE  COPPER  LAMINA 


represent*  a  two-T  network  representation  of  the  copper  lamina.  Solving  for 
I,,  by  loop  currents,  one  gets,  bv  noting  that  R^«  R  andouL,  «  R  , 

V  s2 

(62)  I  - 

3  S  <*,  . 


7  R2 

oc  l 


\  r,«  ‘  r  ' 


'3  ■  T3  % 


The  symbol  7^  is  used  to  designate  a  voltage  wave  propagated  ir.  the 
positive  •'incident)  direction  In  loop  3.  The  shielding  effectiveness  is  defined 


in  this  application  as 


S,  E.  (db)  -  20  log 


T*  ' 
*  «% 


«=*■  !  • 
J  I 


V 

Substituting  Equation  (63)  into  Equation  (6li),  one  pets,  noting  that  T?  *  , 

r  ^T: 

%  ')  1  +  rBW7  5 

f'/r')  m  •  /  Jl  \  AA  s *  v 


S.  E.  (db)  -  20  log 


Bquation  (65)  reduces  in  the  low-frequency  limit  to  the  expression 

R 

(66)  Urn  S.  E.«  20  log  *=&-  , 

U)~+C 

which  r-ay  be  obtained  from  Figure  12  by  letting  gc  to  zero  as  u>  goes  to  zero, 
and  then  solving  for  the  rati'-'  arpeiirinr  in  Equation  (66). 

3 .  Experimental  Results 

T^e  set-up  shown  in  Figure  13  was  used  to  take  th»  ooaxial  tester 
experimental  data  which  are  plotted  in  Figure  lii  for  a  lamina  thickness  of 
2 .*>  mils.  The  shielding  effectiveness  is  much  higher  than  the  sensitiritv  of 
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:rt>ental  setup  for  measuring  shielding  effectiveness 

;  THE  COAXIAL  TESTING  DEVICE 
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FIG.  14  SHIELDING  EFFECTIVENESS  TO  PLANE  WAVES  OF  SHEET  COPPER 


the  instruments  tc  detect  beyond  5  me.  Ik;  the  sane  figure,  the  calculated 
shielding  effectiveness  froe  equation  '65)  is  also  nlctted- 

The  experimental  points  are  taken  as  fellow:  '1}  With  20  db 
attenuation  in  the  variable  attenuator  for  isclation,  observe  an  indication 
on  the  field  intensitv  meter  when  the  signal  passes  through  the  coaxial  testing 
device.  (2)  Insert  enough  additional  attenuation  in  the  variable  attenuator 
until  the  same  indication  as  in  fl)  is  observed  on  the  field  intensity  meter 
when  the  signal  is  directly  fed  tc  that  meter  by  the  use  of  two  coaxial  switches 
(see  dotted  lines  in  Figure  13).  The  increase  in  db  attenuation  introduced  by 
the  variable  attenuator  is  the  shielding  effectiveness  cf  the  laalna. 

It  is  believed  that  the  experimental  curve  does  not  fellow  the  calcu¬ 
lated  curve  for  shielding  effectiveness  because  of  the  generation  of  higher 
nodes  in  the  laaina.  These  higher  nodes  when  generated  at  the  surface  of  the 
lamina  are  attenuated,  especially  at  those  frequencies  at  which  the  laaina 
thickness,  d,  becomes  an  appreciable  portion  cf  the  wavelength,  and  thus  intro¬ 
duce  additional  loss.  The  higher  modes  are  generated  because  (1)  the  contact 
resistance  in  the  lamina  is  non-uniform,  (2)  the  lamina  has  surface  irregularities, 
and  (3)  the  wavelength  of  the  electromagnetic  waves  in  the  lamina  is  quite  small. 
Conditions  (1)  and  (2)  produce  a  non-uniform  surface  current  distribution  which 
requires  higher  modes  to  satisfy  its  boundary  conditions  at  the  surface  of  the 
lamina.  The  consequence  of  condition  (3)  is  to  increase  the  effective  dimensions 
of  the  lamina  diameter  and  width  by  many  times  over  the  corresponding  dimensions 
in  air;  the  lamina  space  then  can  support  the  higher  modes  generated  under  con¬ 
ditions  (1)  and  (2)  in  addition  to  ©the*  higher  modes  generated  under  condition 
(3). 
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To  illustrate ,  the  wavelength  tf  electromagnetic  waves  in  the  TEX 


node  at  a  frequency  of  one  Megacycle  is 


(67) 


y  «  —  — ■  -  300  neters 
1  106 


The  propagation  constant  in  a  good  conductor  is 

(68)  T  *  a  ♦  J0  ■  (1  -  j)~^— vy— '  , 
and  the  following  relationship  holds 


(69) 


/—i  2  w 

J\  m  T  * 


O  . 

The  wavelength  of  the  electrocsagnetic  waves  at  f  -  10  in  copper  (u 

o  -  5.75  i  IP7  ),  is 


(70)  X 

cu 


2tt 


lil6  p  Meters 


and  that  in  high-p  Metal  at  the  same  frequency  (p  -  1.6*  x  10~"'  h/m, 
a  •  1.12  x  10^  mho/n)  is 

(71)  A.high-p  ■  -^r—  -  1:6.7  p  Meters. 


ujpo 


gh-p 


Sines  d^  •  2.?  Mils  »  6.35  x  10~^  neter  »  63-5  p  meters  and  d^ 

■  3.9  x  10  ^  meter  «  89  pm,  one  has 

(72)  I  *  .152  and  ,  .  ,  .  _  *  1.9. 

3  /copper  o  high-p  metal 

At  f  •  2.7  x  10^  epa  in  the  case  of  copper  and  at  f  -  I.7U  x  103  cps 
case  of  the  high-p  metal, 
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and  the  laminas  appear  to  be  a  quarter  cf  a  wavelength  thick. 

Thus  the  wavelength  in  the  conducting  material  is  reduced  by 

(7li)  106  *  72  x  1C~  tines  for  the  copper  lamina 

Jen 


’high  -p 


6  6 

10  -  6.1i2  x  10  tines  for  the  high-p  metal  lamina. 


Thus,  in  the  case  of  the  high-p  metal,  and  for  the  sane  error  cf  0.0$^the  3«5~ 
mil  lamina  requires  ar.  artificial  line  representation  consisting  of  700  simple 
T's  for  frequencies  up  to  one  megacycle;  therefore  it  is  not  helpful  to  analyze 
it  frc*  that  point  of  view.  In  a  later  paragraph,  the  transmission  line  analogy 
is  analyzed  and  ccuroar^d  with  experiment. 

Figure  15  shows  the  shielding  effectiveness  of  high-p  metal  (nominal 
pr  -  10^),  3-5  mils  thick.  The  sensitivity  of  the  instruments  limit  the  measure¬ 
ment  range  to  650  kilocycles.  Figure  16  shows  the  shielding  effectiveness  of 
5-mll  thick  aluminum  and  Figures  17  and  18  that  cf  18-mi.l  thick  stainless  steel 
and  5 -mil  thick  magnetic  steel,  respectively.  Figure  19  shews  the  shielding 
effectiveness  of  copper  screening  material  (22  x  22  strands  per  inch,  15  nils 
diameter)  of  one  shielding  enclosure  manufacturer.  The  effectiveness  at  very 
low  frequencies  is  primarily  due  to  reflection  and  the  effect  of  perforations 
does  not  come  into  play  until  the  higher  frequencies,  where  the  shielding 
effectiveness  drops  with  frequency. 
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STAINLESS  STEEL 
THICKNESS*  IS  MILS 
RELATIVE  PERMEASIUTY  I 
RESISTIVITY  p  *  7.35X10"*  OHM- CM 
RESISTANCE  OF  LAMINA  RL  -  2A0p.il 


SHIELDING  EFFECTIVENESS  TO  PLANE  WAVES  OF  MAGNETIC  STEEL 


li.  Transmission  Line  Analogy 

In  the  case  of  the  high-p  metals  (such  as  iron)  and  other  metals  whose 
lamina  thickness  appears  to  be  many  wavelengths,  the  transmission  line  analogy 
maybe  used.  In  this  case,  the  lamina  is  considered  as  a  transmission  lin®  of 
characteristic  impedance 


(76)  It  -  (1.3) 

and  propagation  constant 


(77) 


Y 


a  +  JP 


sandwiched  between  two  transmission  lines  of  characteristic  impedance 

(78)  8  -  50  ohms 

and  propagation  constant 


(79)  r0  -  i  P0  -  3  | 

where  is  the  wavelength  of  the  T5M  mode  of  frequency  f  ,  Multiple  reflec¬ 
tions  in  the  transmission  line  representing  the  lamina  are  neglected  since  the 
attenuation  is  considered  to  be  so  high  as  to  reduce  them  appreciably.  Thus, 
at  the  junction  (l)  see  Figure  20 (A\ 


(80) 

♦ 

c 

1 

and 

(81) 

$ 

"  ^2 

m 

A  • 

But 

(82) 

r* 

■  8 

t 
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I 
I 

B 
D 

B  > 

V  FORWARD  TRAVELING  VOLTAGE  WAVE  AMPLITUDE 


V  BACKWARD  TRAVELING  VOLTAGE  WAVE  AMPLITUDE 
X  FORWARD  TRAVELING  CURRENT  WAVE  AMPLITUDE 
X  BACKWARD  TRAVELING  CURRENT  WAVE  AMPLITUDE 


B 

B 


Thus  (81)  bee  ones,  with  the  use  of  (82), 


(83) 


TT*  -  *7  .  g 

1  1  »A  B<  ^ 


Adding  (8o)  and  (83)  and  dividing  by  2,  one  gets 


(81*) 


7  (1  +  *2 

v 


At  function  (2),  see  Figure  20(A), 

(85) 


and 

(86) 


r2  *  %  1 


5  -  %  ■  ^ 


Using  (82)  in  (81),  ona  gets 

(87)  $  - «4 -j-£  =. -ft yT , 

Add  equations  (85)  and  (87)  and  solve  for  V?  to  obtain 

(88)  vj  »  j  (i  +  -|)  ^  . 

But, 


(89! 


at  junction  (2) 


- 


*-nd 


at  junction  (1) 


Thus,  use  equation  (89)  in  equation  6 88 )  plus  equation  (8li)  to  arrive  a 
resulting  equation, 


(90) 


-  Jli*/)  (1  ♦  f~) 


The  shielding  effectiveness  is  defined  by 


(91) 


S  .  S  . (db)  -  20  log 
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IXiring  measurements  with  the  coaxial  device,  comparisons  of  and  *• 

are  made  with  (1)  the  coaxial  device  in  the  circuit  as  shown  in  Figure  20(A), 
and  (2)  with  the  coaxial  device  cut  of  the  circuit  and  in  its  place  an  attenua¬ 
tor  as  shewn  in  Figure  20(B).  Thus,  one  has  from  Figure  20(B)* 

(92)  -  (Loss  Ratio) 
also  from  (90), 

(93)  - - - VT^  . 

E  fl  *  -P  (1  * 

In  the  test,  the  attenuation  is  adjusted  until 

(9h)  7t- 

Comparing  Equations  ( 92 '  and  (93)  and  using  Equation  (9U)  one  gets 


(95) 


(Loss  Ratio) 


If  V  ,  the  generator  voltage,  is  keot  constant,  then  VT*.  *  VT*-  and 
oc  1  1A  x 


—  o(di 


(96);  (Loss  Ratio) 


4-  £ 


(1  +  r)  (1  +  r  ) 


Using  Equations  (76),  (77)  and  (78)  in  (96)  and  using  the  simplification 
2  2 

8  »  g^,  one  has 

(97)  (Loss  Ratio)  - 

50 


&  <j 
UZ9e_V  2 


Using  Equation  (91),  one  sees  that  the  shielding  effectiveness  is  equal  to  the 
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number  of  db  introduced  by  the  attenuator,  or 
(98)  S.  E.  (db)  -  20  log  R ?- ^ 

*\Tt\ 

Now,  , 


(99)  Zo  =■ 


'•  cc  /'  ‘  j  i 

r^*  |/  W)  Lj(R{ 


(ioo)  [/ 


UUUT 


j 

d  '  IaRp  > 


where  R^  and  1^  are  the  resistance  and  the  inductance  of  the  lamina.  Therefore, 

J*>u  ' 

A5  P  ^ 

f  T  r\T  \  C*  /j  _  \  -  0  -\  T ^  ^  ’*—P"  _  — 


(101)  S.  E.  (db)  -  20  log 


- - - — T 

X  ]j  W)  LjlRi? 


Expanding  and  simplifying,  one  finds  that 


lU~l  FP 

(102)  S.  E.  (db)  -  13.9  -  10  log  -10  log  f  -f-  /  5".  ff 


For  the  case  of  copper, 

—1 2 

(61)  Lj  *  10.6  x  10  henry  and  (6l)  R^  =  50  x  10  ohm 

and,  for  the  case  of  the  high-  jA.  metal  tested  (assuming  a  f*-f  of  10^), 
(103)  R^  ■  1.33  x  10  ^  ohm  and  (105)  =.  7 -b2  x  10  ^  henry. 

Thus,  equation  (102)  reduces  to 

(1Gb)  S.  E.  (db)  =  t  -  /  0  0  rf~ 

for  the  case  of  copper,  and 

(105)  S.  E.  (db)  -  lib  -  10  leg  f  +  0.112^/7  , 


ARMOUR  RESEARCH  FOUNDATION  OF  ILLINOIS  INSTITUTE  OF  TECHNOLOGY 


-  53  - 


ARF  Proj.  5108 
Quar.  Rpt.  No.  b 


IffltfTTTrnrrtwrMB  n  m  ~ 


■jryjty  7.  *-"■ 


for  the  case  of  the  high-jXmetal  tested. 

Equation  (10b)  is  plotted  in  Pig.  lb  in  the  same  frequency  range  as 
the  experimental  results.  As  one  can  see  from  the  figure,  the  overall  behaviour 
of  Equation  (10b)  and  the  experimental  results  is  similar,  except  for  their  widest 
separation  by  about  7  db.  Equation  (105)  is  plotted  in  Figure  15  for  the  three 
values  of  |X.  ^  IQ  j  ^  X-/  0 

Since  Equation  (10$)  with  the  value  of  — tyXIP  best  fits  the 
experimental  data  obtained,  it  is  determined  that  fr*  bOOO  over  the  frequency 
range  considered,  whereas  the  nominal  value  of^for  the  material  is  quoted  by 
the  manufacturer  to  be  "extremely  high?  It  is  assumed  that  the  resistivity  of 
the  materials  does  not  change  appreciably  with  frequency. 

5.  Conclusions 

Equation  (102)  shows  the  dependence  of  the  attenuation  on  the  frequency 
(for  )  and  on  the  material  parameters  R^  and  for  the  case 

of  "pure"  TEM  waves.  However,  the  imperfections  in  the  contact  resistance  and 
the  magnification  of  the  lamina  dimensions  mentioned  previously  prevent  this 
theoretical  formula  from  being  applied  directly  and  being  compared  exactly  with 
experimental  results  which  are  obtained  with  the  coaxial  device.  Moreover,  this 
equation  is  not  directly  applicable  to  shielded  enclosures  because  of  size  and 
geometry.  It  gives,  however,  an  overall  picture  as  to  the  effect  the  resistivity 
(implied  in  the  shunt  resistance  of  the  lamina)  and  relative  premeability 
(implicit  in  the  series  inductance  of  the  lamina  )  play  in  introducing 
attenuation,  as  well  as  the  dependei ce  upon  frequency. 

F.  Project  Performance  and  Schedule  Chart 

The  scheduling  of  the  program  of  research  is  shown  in  i’igure  21, 

The  open  areas  represent  planned  effort  while  the  shaded  area  represent  completed 
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work.  The  financial  status  of  the  project  is  as  follows: 
For  the  period  ending  31  Hay  1959* 


Original  money  allocated  for  research  $37,672 
Total  expenditures  31,053 
Total  commitments  U83 
Balance  available  for  research  6,136 


It  is  anticipated  that  the  expenditures  for  June  1959  will  be  approximately 

$3,000. 

IV.  CONCLUSIONS 

1.  The  advantages  of  using  two  large  loops  to  immerse  the  enclosure  in 
a  low- impedance,  low-frequency  field  are  that  a  pick-up  loop  in  the  center  of 
the  enclosure  can  then  be  used  to  provide  an  overall  indication  of  performance, 
and  a  small  pick-up  loop  probe  can  be  employed  to  explore  for  local  defects. 

Only  one  measurement  is  necessary  at  low  frequencies,  since  the  voltage  induced 
in  the  pick-up  loop  in  the  absence  of  the  enclosure  can  be  obtained  theoretically. 

2.  The  two-loop  method  of  measurement  of  shielding  effectiveness  at 
low  frequencies  shows  that  the  two  readings  obtained  by  exciting  the  large  loop 
outside  and  subsequently  measuring  the  voltage  induced  in  the  small  loop  inside, 
or  vice  versa,  are  identical.  In  the  analysis,  the  shielded  enclosure  is 
represented  by  a  short  circuited  turn  consisting  of  inductance  and  resistance 

in  series. 

3.  The  surface  impedances  of  sheet  copper  (2.5  mils  thick)  and 
copper  screening  (22  x  22  strands  per  inch,  15  mils  diameter)  are  almost 

*  Cost  sheets  for  June  1959  are  not  available  until  July  20,  1959. 
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identical  at  the  low  frequencies.  Their  reflection  los3,  which  is  the  main  loss 
at  low  frequencies,  is  therefore  the  same.  The  above  two  materials  are  inter¬ 
changeable  for  shielding  purposes  at  low  frequencies.  The  calculated  and 
measured  shielding  effectiveness  to  plane  waves  at  low  frequencies  agrse  with 
those  reported  by  Vasaka. 

It.  The  presence  of  standing  waves  inside  the  cavity  at  the  mid- 
frequencies  can  introduce  a  degradation  in  shielding  effectiveness  of  about 
25  to  30  db  (at  80  to  1*00  me). 

5.  The  coaxial  testing  device  has  been  used  to  test  shielding 
effectiveness  to  plane  waves  of  some  of  the  most  common  hielding  materials  such 
as  copper,  iron,  aluminum,  stainless  steel,  and  high-|^  metal  on  one  hand,  and 
copper  screening  on  the  other.  Limitations  of  the  instrument,  sensitivities  and 
mechanical  difficulties  in  reducing  the  lamina  thickness  do  net  allow  the 
measurements  to  be  taken  above  8  me  at  present. 

6.  The  shielding  effectiveness  of  copper  screening  to  plane  waves 
has  been  measured  with  the  coaxial  tester  over  the  frequency  range  of  dc  to 
1*00  me.  The  measurements  show  that  the  shielding  effectiveness  to  plane  waves 
of  the  material  decreases  with  frequency,  being  about  150  db  at  the  very  low 
end  of  the  spectrum  (dc  to  10  kc)  and  about  63  db  at  1*00  me. 

7.  The  coaxial  t eating  device  was  used  to  determine  the  relative 
permeability  of  a  high-j*.  shielding  metal.  The  value  offl  thus  reported  was 

about  1*000  in  the  frequency  range  of  IT)  kc  to  650  kc.  It  appears  that  the  device 
is  useful  to  determine  experimentally  the  relative  permeability  of  materials  at 
radio  frequencies, 

V.  PROGRAM  FOR  THE  NEXT  INTERVAL 

The  original  termination  of  this  project  was  30  June  1939.  However, 

ARMOUR  RESEARCH  FOUNDATION  OF  HUNOIS  INSTITUTE  OF  TECHNOLOGY 

-  57  -  ARF  Proj.  E108 

-juar.  Rpl.  No.  1* 


rmm m 


a  time  extension  has  been  granted  up  to  30  September,  1959.  During  this  last 
quarterly  period,  effort  will  be  expended  on  the  following  aspects  of  the  program. 

1.  Experimental  investigation  of  the  coaxial  device  for  evaluating 
shielding  materials  will  be  continued. 

2.  Further  investigation  of  the  nature  of  generation  and  methods 
of  suppression  of  standing  waves  inside  shielded  enclosures  at  the  resonant 
frequencies  will  bo  continued. 

3.  Measurements  at  the  kiiomegaeycle  region  will  be  concluded. 

U.  The  final  form  of  the  test  standards  for  measurement  of  shielding 
effectiveness  of  enclosures  will  be  set  up  and  trial  test  runs  maj  be  made  at 
plants  of  different  shielded  enclosure  manufacturers. 

VI.  LOGBOOKS 

Data  obtained  on  this  project  are  contained  in  Logbooks  C  8375. 

C  872U,  C  8836,  and  C  8355- 

Respectfully  submitted, 

ARMOUR  RESEARCH  FOUNDATION 
of  Illinois  Institute  of  Technology 


S.  I.  Cohn,  Assistant  Director 
Electrical  Engineering  Research 
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ERRATA 


The  symbol  TM^  appearing  in  the  title  of  Figure  12,  page  3?  of 
the  Third  Quarterly  Progress  Report  ( Reference  2)  and  also  on  page  31  of  that 
report  should  be  changed  to  TE.„. 
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